By means of long-term deep-ocean exposure and laboratory testing, experimental data have been obtained on compressive strength behavior, permeability, and durability of pressure-resistant concrete structural models (concrete spheres 66-inch O.D. by 4-1/8-inch wall thickness) subjected to continuously sustained hydrostatic pressure loading.
(a) The implosion (failure) strength and stiffness of the concrete spheres and the uniaxial compressive strength of concrete specimens increased during the first 5-1/2 years exposure in the ocean and remained essentially constant during the next 5 years; (b) There has been no evidence of seawater permeating through the walls into the interior of ocean-exposed spheres externally coated with a waterproofing material; uncoated (bare concrete) spheres have a very low rate of water ingress, i.e., a permeability coefficient of about 10 ft/ sec; and (c) Visual inspection and microstructure examination of retrieved specimens have not revealed any significant deterioration of the concrete matrix; no corrosion was visible on steel reinforcing bars which had as little as one inch clear cover.
This program has been a decade-long demonstration of the effective use of concrete in the ocean; it has been shown that concrete is a durable, reliable material for pressure-resistant structures for long-term deep-ocean applications.
INTRODUCTION
In September 1971 the Naval Civil Engineering Laboratory (NCEL) began an experimental program on the behavior of pressure-resistant concrete spherical structures placed in the deep ocean for long-term exposure.
In situ inspections of the spheres were made annually by submersible over, to date, an 11-year period. At various times selected spheres and associated concrete and cement paste samples were retrieved from the ocean for laboratory testing.
This work was funded by the U . S . Navy's Deep Ocean Technology Program, and is a portion of the larger program of experimental studies begun at NCEL in 1967 on pressure resistant structures and structural components in various materials, primarily concrete in spherical and cylindrical configurations, and acrylic plastic for transparent spherical hulls and windows for internally and externally pressurized chambers.
The technical objectives of the ocean testing program were to obtain data on time-dependent failure, permeability, and durability of pressure-resistant concrete spherical structures subjected to sustained high pressure seawater for extended periods of time. Such data can contribute to a technology base from which engineering design guidelines may be prepared.
Another purpose of the program was to demonstrate the use of concrete hulls in real environmental conditions; thus, the findings will aid in establishing confidence in using concrete as a deep ocean construction material.
Information obtained earlier has been previously reported;lY2 this paper presents data obtained during the past 5 years and summarizes overall trends with primary emphasis on findings to date on concrete strength.
TEST DESCRIPTION'
Eighteen hollow concrete spheres having a 66-in. outside diameter and a 4.12-in. wall thickness were placed in the ocean near Santa Cruz Island, Calif. (by free-falling from the surface) in water depths of 1,840 to 5,075 feet. When in place, each buoyant sphere floated about 20 feet off the seafloor to which it was anchored by the 2,600-lb weight of a 2-1f4-in. anchor chain 53 ft long (Figures 1 and 2 ). Each sphere was f a b r i c a t e d from 2 hemispheres, i n d i v i d u a l l y c a s t , bonded t o g e t h e r a t t h e e q u a t o r . Control specimens from each batch of concrete consisted of standard 6-in.-diameter by 12-in.-long cylinders and an 18-by 18-by 14-in. block from which cores were subsequently drilled after exposure in the ocean o r on land.
The concrete, commercially produced and delivered t o t h e c a s t i n g s i t e i n t r a n s i t -m i x t r u c k s , was of c o n s i s t e n t l y h i g h q u a l i t y w i t h a nominal cement content of 7.8 sacksjyd , waterjcement ratio of 0.40, 3
and 28-day compressive strength of 7,900 psi.
Sixteen spheres
were unreinforced concrete. Eight of these were coated on t h e e x t e r i o r w i t h a w a t e r p r o o f i n g a g e n t a n d e i g h t l e f t u n c o a t e d ( i . e . , bare concrete).
Two spheres were l i g h t l y r e i n f o r c e d with 0.5 in. diameter deformed steel bars with conc r e t e c o v e r v a r y i n g from 1 t o 2 . 5 i n . H a l f t h e e x t er i o r of each of these 2 spheres was waterproofed. The p u r p o s e o f t h e s t e e l was n o t t o s t r e n g t h e n t h e s p h e r e s but rather to determine whether corrosion problems would o c c u r i n t h e h i g h p r e s s u r e , c h e m i c a l l y a c t i v e seawater environment which, however, where t h e r e l a t i v e l o a d l e v e l ,
P s / P E , i s d e f i n e d a s t h e r a t i o of t h e s u s t a i n e d p r e s s u r e t o t h e p r e d i c t e d short-term implosion pressure.
The nominal design d e p t h f o r t h e s p h e r e s was 3,000 f t . Thus, time-depend e n t f a i l u r e was a n t i c i p a t e d f o r some of t h e s p h e r e s As seawater was absorbed by and permeated through the concrete, the sphere weight increased, buoyancy decreased, and less chain was supported. Thus, the decrease of one chain l i n k between t h e s p h e r e a n d t h e s e a f l o o r i n d i c a t e d about one-half ft3 of seawater had been taken on by t h e s p h e r e .
RESULTS

Concrete Strength
One o f t h e 18-by 18-by 14-in. blocks for each sphere was placed in the ocean with the sphere, one block was stored outdoors on land, and a number o f t h e 6 by 12-in.-long cylinders were continuously fog cured i n a moist room a t 100% r e l a t i v e h u m i d i t y and 73OF. Ocean
The r e s u l t s a r e summarized i n F i g u r e 3 which shows t h e r e l a t i v e s t r e n g t h s of the concrete in t h e three environments a t t o t a l a g e s o f 1.3, 5.6 and 10.8 years.
The r e l a t i v e s t r e n g t h is the compressive s t r e n g t h of t h e c o n c r e t e a t a given age compared t o t h e c o m p r e s s i v e s t r e n g t h a t 28 days of fog-cured specimens. The continuously fog cured specimens increased in s t r e n g t h by 23% a t 1 . 3 y e a r s , t o 35% above the basel i n e s t r e n g t h a t 5 . 6 y e a r s of age, and were s t i l l a t 35% a t 10.8 years.
T h i s p a t t e r n o f r a p i d s t r e n g t h g a i n a t e a r l y a g e s and then slowing down and even plateauing a t l a t e r ages i s t y p i c a l o f c o n c r e t e .
The on-land field-exposed concrete, tested in the a i r -d r i e d c o n d i t i o n , shows a s i m i l a r b u t s m a l l e r g a i n t o 5 . 6 y e a r s , a s e x p e c t e d , b u t i n d i c a t e s a l o s s of s t r e n g t h d u r i n g t h e s e c o n d 5 year period. This drop was not expected, but it may be noted that the outdoor conditions, especially relative humidity and temperat u r e , v a r i e d c o n s i d e r a b l y on a d a i l y a s well a s s e as o n a l b a s i s i n c o n t r a s t t o t h e f o g room a n d t h e i nocean conditions which were constant throughout the exposure to these environments.
The most i n t e r e s t i n g f i n d i n g s a r e , o f c o u r s e , those of t h e ocean-exposed concrete. This concrete showed a d e c r e a s e i n s t r e n g t h on f i r s t b e i n g p l a c e d i n the ocean. This decrease i s c o n s i d e r e d t o b e d u e t o the concrete changing from an air-dry condition a t time of deployment ( a f t e r i t ' s i n i t i a l 28-day c u r e it
However, a f t e r t h e i n i t i a l l o s s i n s t r e n g t h t h e c o n c r e t e c o n t i n u e d t o c u r e i n t h e o c e a n and g a i n s t r e n g t h .
A t 1.3 years age i t ' s s t r e n g t h was s t i l l 3% less t h a n t h e r e f e r e n c e c o n c r e t e , b u t by 5.6 y e a r s t o t a l a g e i t was 15% above t h e b a s e l i n e s t r e n g t h , and was s t i l l a t t h a t s t r e n g t h l e v e l a t 10.8 years age. Thus, the ocean exposed c o n c r e t e , a f t e r a n i n i t i a l loss, gained strength and t h e n l e v e l e d o f f a t t h e l a t e r a g e , much t h e same a s the reference fog-cured concrete, but a t a lower a t t a i n e d s t r e n g t h .
Short-Term Strength of Spheres
Two more spheres, numbers 10 and 1 8 , were recovered from 3,200 and 1 , 8 4 0 f e e t , r e s p e c t i v e l y , a n d t e s t e d a f t e r 10.5 years exposure. Figure 4 shows the load-deformation curves for spheres numbers 10 and 18. Each sphere was p l a c e d i n t h e p r e s s u r e v e s s e l and surrounded by s e a w a t e r i n which t h e p r e s s u r e was t h e n s t e a d i l y i n c r e a s e d a t 5 0 p s i / m i n u n t i l f a i l u r e . A l s o e a c h s p h e r e was f i l l e d on the inside with seawater which, however, was vented (though a p e n e t r a t i o n i n t h e p r e s s u r e v e s s e l h e a d ) t o a t m o s p h e r i c p r e s s u r e . T h u s , a s t h e e x t e r n a l p r e s s u r e was increased on the sphere it became smaller and forced out some of i t s i n t e r n a l w a t e r , which was measured. This provided a d i r e c t measure of the d e c r e a s e i n i n t e r n a l volume of the sphere, and by c a l c u l a t i o n , t h e a v e r a g e b i -a x i a l hoop s t r a i n i n t h e sphere wall.
The a v e r a g e b i -a x i a l w a l l stress i s -wall sphere" assumption) .
The concrete of sphere # l o (which was uncoated and had, when recovered, 1 . 9 f t of water on the inside) was assumed t o b e s a t u r a t e d .
The lower half of sphere Y18 was a l s o u n c o a t e d a n d s a t u r a t e d ; f a i l u r e o c c u r r e d i n t h i s saturated lower hemisphere.
The r e s p e c t i v e i m p l o s i o n ( f a i l u r e ) l o a d i n g s were v e r y c l o s e t o g e t h e r a t 2 , 7 2 0 a n d 2 , 7 6 0 p s i . N o t e t h a t t h e l o a d -d e f l e c t i o n c u r v e s a r e q u i t e smooth t o t h e p o i n t o f f a i l u r e ; t h e y a r e f a i r l y c l o s e t o g e t h e r b u t sphere #I8 i s a l i t t l e s t i f f e r w i t h a c a l c u l a t e d s e c a n t modulus o f e l a s t i c i t y a t 50% o f f a i l u r e o f 5.7 x 10 p s i compared to 5.0 x 10 p s i f o r s p h e r e 10.
The small amount o f r e i n f o r c i n g steel i n s p h e r e #I8 had l i t t l e e f f e c t on t h e b e h a v i o r o f t h e s p h e r e . F a i l u r e was primarily in the compression-shear mode although there was also in-wall delamination-type c r a c k i n g " p a r a l l e l t o " ( c o n c e n t r i c t o ) a n d a b o u t ' 1 inch below the external surface, which led to exfol i a t i o n o f l a r g e ( e . g . , 1 foot across) fragments of v e r y c o n s t a n t t h i c k n e s s ( F i g u r e s 5 and 6 ) . F a i l u r e surfaces passed through (not around) coarse aggregate p a r t i c l e s . 
